significantly better after SC transplantation compared to OEC (p ! 0.01). Both cell transplantation groups showed significantly worse function than the NT group (p ! 0.01). Whereas nerve area and axon number were correlated to function, being significantly lowest in the OEC group (p ! 0.001), both cell groups showed lowered myelination (p ! 0.001) and lower N ratio compared to the NT group. Discussion: SC-filled BCs led to improved regeneration compared to OEC-filled BCs in a 15-mm-long nerve gap model of the rat.
Introduction
Therapeutic options in bridging of nerve defects are still limited. The most desirable repair is tension-free microsurgical coaptation. If the defect does not permit direct coaptation, the defect has to be bridged by an autologous nerve graft. Usually, superficial sensory nerves such as the sural nerve, saphenous nerve and medial antebrachial cutaneous nerve are used as nerve grafts [Terzis et al., 1997; Grant et al., 1999] . However, since this inevitably goes along with donor site morbidity and insufficient regeneration through these grafts, the search for alternative nerve conduits is still ongoing [Terzis et al., 1997; Grant et al., 1999] . Various nerve conduits have been studied regarding their regeneration-promoting properties: autologous blood vessels [Anderson and Turmaine, 1986; Battiston et al., 2000] , muscle fibers [Battiston et al., 2000] and silicone [Doolabh et al., 1996] . Recently, biodegradable materials (e.g. polyglycolic acid, poly(lactide-co-glycolic) acid and polycaprolactone) were introduced [Meek and Coert, 2008] . All these conduits were shown to have variable success, suffer similar disadvantages like autografts and, moreover, all lack an intrinsic vascularization [Varejao et al., 2003 ]. Recently, we described the formation of a vascularized biogenic conduit (BC) and its use for bridging of large nerve gaps (15 mm) in the adult rat sciatic nerve lesion model [Penna et al., 2011 [Penna et al., , 2012 . The BC is permeable, flexible, does not elicit immunological response and is easy to handle and suture, thus being near to an ideal conduit [Belkas et al., 2004] . In surplus, BCs do have an intrinsic vascularization.
Intraluminal addition of supportive cells such as Schwann cells (SC) and olfactory ensheathing cells (OEC) are known to enhance regeneration through nerve conduits and to be indispensable for long nerve gap bridging [Sinis et al., 2005 [Sinis et al., , 2007 . SC are probably the most extensively investigated supportive cells [Ansselin et al., 1997; Bryan et al., 2000; Galla et al., 2004; Hood et al., 2009] . Besides the production of a range of growth factors such as insulin-like growth factor I, ciliary neurotrophic factor, brain-derived neurotrophic factor and extracellular matrix molecules (e.g. laminin), SC do also mechanically support axonal outgrowth [Meyer et al., 1992] . OEC are the glial cells of the olfactory system that ensheath large fascicles of unmyelinated primary olfactory axons and support their continual entry into the central nervous system (CNS) throughout the life of mammals [RamonCueto and Avila, 1998; Boyd et al., 2005] . OEC have been shown to produce a wide spectrum of cytokines Woodhall et al., 2001] . Unlike SC, OEC are present in both the olfactory nerves and bulb, and therefore, are constituents of the peripheral nerve system (PNS) and the CNS, respectively. It is well established that transplanted OEC modulate axonal growth in the CNS and PNS [Verdu et al., 1999; Franklin and Barnett, 2000; Guntinas-Lichius et al., 2001 Radtke et al., 2009a Radtke et al., , 2009b . However, due to the lack of comparative studies of OEC and SC, it is not yet clear whether OEC display advantages over SC for peripheral nerve repair .
Therefore, the aims of the presented study were: (1) to apply OEC and SC in the same in vivo paradigm and to test whether both cell types display differential effects after sciatic nerve lesion, and (2) to clarify whether intraluminal application of OEC and SC into the BC can potentiate axonal regeneration across large gaps.
Material and Methods
A total of 24 adult female inbred Lewis rats (6-8 weeks old, 230-250 g body weight; Charles River, Sulzfeld, Germany) were divided into three experimental groups: group 1 (n = 8), autologous nerve transplant (NT); group 2 (n = 8), BC filled with OEC in fibrin matrix; group 3 (n = 8), BC filled with SC in fibrin matrix. Survival time was 16 weeks. The State Animal Protection Committee approved all experiments (registration number T-02/29). All measurements were performed by the first author using a blinded protocol.
In vivo Formation of the BCs
The BC was induced in a two-step surgical procedure as previously published [Penna et al., 2011 [Penna et al., , 2012 . Briefly, a 19-mm-long polyvinyl chloride (PVC) tube was implanted in the direct vicinity to the future transection site. After 4 weeks, the PVC tube was removed, revealing a connective tissue tube (BC) that was then filled with fibrin/cells and used as a bridging device for the transected nerve ( fig. 1 ).
Cell Culture SC were isolated from neonatal inbred Lewis rats and expanded in culture using established protocols [Brockes et al., 1979; Wewetzer et al., 1996] . Briefly, 3-to 5-day-old rats were killed by decapitation and the sciatic nerves were removed. Enzymatic treatment was performed using trypsin (0.25%; Sigma, Deisenhofen, Germany) and collagenase A 0.1% (Roche Diagnostics, Penzberg, Germany) in Hanks' balanced salt solution (HBSS; GibcoBRL Life Technologies, Karlsruhe, Germany) for 35 min at 37 ° C. Then, complete medium [Dulbecco's modified Eagle medium (GibcoBRL Life Technologies), 10% fetal calf serum (PAA Laboratories, Linz, Austria), 1% penicillin/streptomycin (Gibco-BRL Life Technologies)] was added and the suspension was centrifuged (1,000 rpm, 4 ° C). Poly-L -Iysin-coated tissue culture flasks (75 cm 2 ) were used. The day after, cultures were treated with cytosine-␤ -D -arabinofuranoside (1 M ; Sigma) for 72 h to reduce proliferating fibroblasts. Proliferation of SC was stimulated by forskolin (1 M ; Calbiochem, La Jolla, Calif., USA). The cultures were incubated at 37 ° C in a humidified air atmosphere (5% CO 2 ) and the medium was changed every 2 days. Prior to implantation of SC, the forskolin concentration in the culture medium was continuously reduced over 9 days. SC were detached from the culture flasks using trypsin/EDTA and resuspended in the thrombin component of fibrin glue (Tissucol Duo S ; Baxter, Vienna, Austria).
OEC were isolated from the above mentioned neonatal rats following established protocols [Guntinas-Lichius et al., 2001; Wewetzer et al., 2001; Woodhall et al., 2001; Brandes et al., 2011] . The olfactory bulbs were removed, washed twice in HBSS, diced into small fragments and incubated in HBSS with 0.125% trypsin, 0.03% collagenase A and 0.05% DNase I (Boehringer, Mannheim, Germany) for 45 min at 37 ° C. Enzymatic treatment was stopped by adding complete medium, and the suspension was centrifuged (1,000 rpm, 4 ° C). Poly-L -Iysin-coated tissue culture flasks (75 cm 2 ) were used. Further processing was performed as described above for SC.
Sciatic Nerve Transection and Bridging Procedures
The animals were anesthetized with isoflurane and the sciatic nerve was exposed as previously published [Penna et al., 2011 [Penna et al., , 2012 . A 15-mm nerve segment was resected at 95 mm proximally of the 3rd toe with the leg outstretched. In order to bridge the nerve gap using a nerve graft (group 1), the resected nerve segment was coapted proximally and distally with two 11-0 nylon single stitches. The bridging of the sciatic nerve gap with the BC (groups 2-3) was initiated by the removal of the PVC tube. While removing the tube, 2-component fibrin glue TissuCol S Duo (25 l; Baxter) was simultaneously injected in order to avoid conduit collapse [Penna et al., 2011 [Penna et al., , 2012 . In groups 2 and 3, a total of 0.5 ! 10 6 cells/12.5 l thrombin was used [Horch et al., 1998; Bach et al., 2001] . The proximal and distal nerve stumps were telescoped 2 mm into each opening of the BC, leaving a 15-mm-long gap between the proximal and distal nerve stump. The nerve segments on either end were secured to the BC using 11-0 nylon epineural sutures ( fig. 2 ).
The skin incision was closed with 4-0 vicryl running suture, and the animals were placed in a controlled environment to recover. Postoperative analgesia was obtained by subcutaneous injections of Rimadyl (Pfizer, Karlsruhe, Germany) and Temgesic (Essex Pharma, Munich, Germany).
Assessment of Motor Function
Impairment of motor function was evaluated by walking track analysis at 4, 8, 12 and 16 weeks postoperatively and expressed as the sciatic function index (SFI) [Penna et al., 2011 [Penna et al., , 2012 . Indian ink was applied to the plantar surface of the hind feet to cover all anatomical regions. The rats that had been trained prior to surgery were allowed to walk down a track leaving footprints on the paper. These prints were then used to calculate the SFI that ranges from 0 (normal) to -100 (total functional loss).
Histological Procedures
After 16 weeks survival time, the rats were sacrificed and the tissue samples were processed as previously published [Penna et al., 2011 [Penna et al., , 2012 . Briefly, after transcardial perfusion fixation, the middle parts of the nerve samples were embedded in araldite. Cross sections (1 m) were cut and stained with methylene blue. The nerve area, axon numbers, myelination index (axon area/myelin area) and N ratio (total myelinated fiber area/nerve area) were obtained by conventional light-microscopic examination with the computer-assisted AxioVision 2.0.5 system (Carl Zeiss Vision, Munich, Germany). Axon number was determined manually by counting every identifiable axon in ! 100 magnification. To assess the myelination index and N ratio, all axon areas and myelin areas in three randomly chosen regions of interest (10,000 m 2 ) were measured [Schroder et al., 1993; Penna et al., 2011 Penna et al., , 2012 .
Statistical Analysis
All data were statistically analyzed with the use of SPSS Software version 8.0 (SPSS, Munich, Germany). The results are expressed as mean 8 SD. Comparisons between the groups were made by one-way analysis of variance followed by Tukey's posthoc test or Student's t test. A p ! 0.05 was considered statistically significant. 
Results

General Observations
None of the animals showed signs of automutilation or infection. All animals underwent functional and histological analyses.
Sciatic Functional Index
All operated rats showed impaired fluency of walking, foot placement and swing phase, while contractions of the hindpaws were absent. During the first 12 weeks, no statistical significance between the groups could be detected. After 16 weeks, groups 1 and 3 showed significantly (p ! 0.01) better clinical function than the OEC group (group 2) ( fig. 3 ) . 
Histomorphological Evaluation
Discussion
Axonal growth-promoting effects of SC and OEC in CNS and PNS injuries are well described in the literature [Bunge, 1994; Boyd et al., 2005; Hood et al., 2009; Radtke et al., 2009b] . Comparisons of both cell lines have been described in CNS lesions; the results range from a found advantage of the use of OEC [Lakatos et al., 2000] , advantage of the use of SC [Takami et al., 2002] , up to no found difference between both cell lines [Imaizumi et al., 2000] . In PNS lesions, several studies using either SC or OEC show positive effects on regeneration [Bunge, 1994; Radtke et al., 2009b; Guerout et al., 2011a] .
Whether OEC keep their character after implantation or undergo differentiation has not yet been shown. Microarray analyses revealed that purified cell cultures of OEC and SC display differential gene expression [Franssen et al., 2008; Roet et al., 2011] . However, so far, no specific molecular marker for in vitro or in situ detection of OEC and SC has emerged from these studies. It is well known that OEC in vitro [Devon and Doucette, 1992 ; Ba- [Radtke et al., 2004; Sasaki et al., 2004] produce peripheral-type myelin and express SC-specific transcription factors [Smith et al., 2001 ]. However, both criteria apply also to SC. Thus, the question of whether OEC may alter their phenotype after transplantation will not be answered until specific markers for OEC are identified.
A direct comparison of both cell lines in PNS lesions has never been described before. Therefore, one aim of this study was to perform a direct comparison of the regeneration potency of SC and OEC. Neither nerve area nor axon number revealed a significant difference between the SC and OEC groups. However, myelination was significantly better in the SC group. This correlated also to clinical function (SFI); here, the SC group showed less impairment of sciatic function than the OEC group. SC are known to produce various growth factors such as nerve growth factor, brain-derived neurotrophic factor, ciliary neurotrophic factor and glial cell line-derived neurotrophic factor [Bandtlow et al., 1987; Acheson et al., 1991; Friedman et al., 1992; Rende et al., 1992; Widenfalk et al., 2001] . Although OEC share properties of SC and they are a distinct cell type which produce a range of neurotrophic factors [Ramon-Cueto and Avila, 1998; Lakatos et al., 2000; Wewetzer et al., 2002; Wewetzer and Brandes, 2006; Radtke and Wewetzer, 2009; Radtke et al., 2010 Radtke et al., , 2011 , there are reports that the excretion of OEC of neurotrophic factors is reduced compared to SC [RamonCueto and Avila, 1998 ]. Thus, the observed difference in regeneration could be the cause of reduced ability of interaction of OEC in the PNS with diminished release of neurotrophic factors. Recently, Guerout et al. [2011b] could show that only co-transplantation of OEC obtained from olfactory mucosa and bulbs supported a major functional recovery in the PNS. As we used bulbar OEC, this could in part explain our results.
The in vivo tissue-engineered BC is a biological material, and thus, fulfills the ideal conduit qualities like biocompatibility, biodegradability, non-toxicity and permeability for nutrients. In surplus, it is highly vascularized. The striking difference of BC in comparison to all other artificial conduits is its intrinsic vascularization from the very first moment of its use as a nerve conduit. When nerve grafts are used to bridge large nerve gaps, these grafts undergo centrifascicular fiber degeneration with impaired SC viability once a critical size is exceeded [Tarlov and Epstein, 1945; Best and Mackinnon, 1994] . This is due to microvascular blood flow as a critical limiting factor for graft survival [Hobson et al., 1997 [Hobson et al., , 2000 . Vascularized nerve grafts diminish endoneurial scarring by maintaining the endoneurial cell population viable and thus providing an optimal nutritional environment that result in an increased rate of axonal regeneration [Terzis et al., 1995] . Without blood vessels entering the graft from the surrounding tissue and both stumps, the mid-portion of these grafts undergoes necrosis with subsequent fibrosis [Lundborg, 1982] . The vascularized BC increases blood supply at the site of nerve regeneration by its intrinsic vascularization from the very beginning. As normal revascularization of transected nerves relies on sprouting processes of the proximal stump, the BC might entail a time advantage. Despite the intrinsic vascular system of BC, revascularization occurs through intraluminal axonal and vascular outgrowth from the proximal stump and vascular outgrowth from the distal stump [Hobson et al., 2000] .
Regarding the clinical use, the major disadvantage of the BC is its necessity of a two-step approach, whereas autologous grafts can be applied in a single-step operation, leading to an unwanted delay of nerve regeneration. In cases of extensive soft tissue damage, a several-step surgical approach (even using free tissue transfer) with restoration of good vascularized soft tissue is compulsory. Thus, this 2-step approach could be integrated in the surgical planning without delaying nerve repair [Penna et al., 2011 [Penna et al., , 2012 . Recent developments in conduit design include the incorporation of topographical guidance features and/or intraluminal structures, which attempt to guide SC migration and axonal regrowth towards their distal targets. This indeed seems to be another promising step towards the ideal nerve conduit. However, this approach is not evaluated in the present manuscript, where only fibrin/cell-filled conduits are used. The combination of the highly vascularized conduit, together with intraluminal guidance structures, might be an interesting question to be answered in a further study.
In previously published studies, the regenerational capability of the BC was analyzed in a short-(4 weeks) and long-term (16 weeks) setting. The NT being the gold standard for nerve gap bridging was histologically and functionally compared to the BC [Penna et al., 2011 [Penna et al., , 2012 . The studies showed that BCs were permissive for nerve regeneration over a period of several months without being degraded and without showing signs of shrinking or excessive fibroblastic intraluminal infiltration. Although BC bridging lead to almost comparable regeneration results to NT, there is still optimization potential. Since transplantation of axon growth-supporting cells is known to enhance peripheral nerve regeneration [Galla et al., 2004; Hood et al., 2009; Radtke et al., 2009a Radtke et al., , 2011 , the presented study evaluated whether the intraluminal addition of OEC and SC potentiated axonal regeneration. The cell-filled BCs remained identifiable at 16 weeks survival time resembling a normal epineurial layer. Histomorphometric analysis showed complete axonal regeneration throughout the BCs with significant lower axon number and N ratio in both BC groups and significantly reduced nerve area in the OEC group compared to the autologous nerve conduit group. These results are in agreement with the previously published short-term (4 weeks) and long-term data in the literature, which describe lower axon numbers, nerve areas and N ratio in groups with nerve gap bridging using BCs, biological or artificial nerve conduits [Mackinnon and Dellon, 1990; Battiston et al., 2000; Varejao et al., 2003; Penna et al., 2011 Penna et al., , 2012 . Myelination in both cell groups was significantly reduced after 16 weeks, with most impaired myelination in the OEC group. In order to analyze intraneural fibroblastic infiltration, the N ratio as indicative of a intraneural amount of fibrous tissue was measured. Both cell-filled BC groups showed lower N ratios than the NT group. These results correlate with the previously published short-and long-term results with N ratios of 0.28 8 0.2 (4 weeks) and 0.30 8 0.01 (16 weeks) in fibrin-filled BCs [Penna et al., 2011 [Penna et al., , 2012 . Thus, fibroblastic infiltration does not seem to be altered with the intraluminal addition of cells. Clinical function (SFI) was most reduced in the OEC group, while comparison of the SC group and the NT group revealed no statistical significance. This result is of particular interest, as the SFI testing in the short-and long-term studies of fibrin-filled BCs did not reveal any differences compared to the NT group.
Thus, based upon our findings, the intraluminal addition of SC and OEC to the BC did not enhance regeneration. Nerve area and axon number were as reduced as in the cell-free BCs. The long-term evaluation of the fibrin-filled BC showed equal myelination compared to the NT. Surprisingly, the addition of SC and OEC that are supposed to enhance myelination led to reduced myelination. Possible reasons for these findings could be that the high vascularization of BC affects intraluminal nutrition of the cells, resulting in high proliferation rates [Penna et al., 2011] . This could lead to an increase in total intraluminal cell number, which could mechanically hinder axonal sprouting. Optimal vascularization could also increase fibroblastic activity, leading to intraneural scarring and impeding regeneration. This possibility is less likely, as the used cells showed purity of around 99% so that the fibroblastic fraction is negligible. In surplus, comparison of the N ratios in both cell-filled BCs compared to only fibrin-filled BCs revealed no difference. The number of cells could also be of importance when interpreting the results. In the presented study, 500,000 cells/conduit were used, which equals 20 million cells/ ml. Ansselin et al. [1997] examined the effect of increasing SC numbers on peripheral nerve regeneration. The initially found advantage of higher cell numbers could not be detected after 3 months. Verdú et al. [1999] used 120,000 OEC/conduit which equals 2.4 million cells/ml, showing successful nerve regeneration. Thus, the cell concentration used in this study lies in a range with which good regeneration results can be obtained. Another possibility could be that the intraluminal cells do not survive. However, this is not very likely, as the literature shows. Fansa et al. [2001] could show that SC survive up to 7 days in autologous grafts without blood supply, depending purely on diffusion. Engineered grafts showed a delayed revascularization, starting between day 5 and day 7 in comparison to normal autografts that revascularized by day 3. However, as vascular structure in engineered grafts is established between day 5 and day 7, this time period is long enough to support cell survival. Thus, if considering these findings, our cells indeed depend on diffusion for the first days but then are rapidly supplied by a vascular system depending on both internal and external (BC) processes. We did not perform a labeling of the cells prior to implantation in order to evaluate cell mobility. This for sure would have been of some interest. However, Kim et al. [1994] and Lin et al. [2011] could show that transplanted cells in conduits remain stationary and survive up to 1 year after implantation. Regarding the intraluminal cell distribution, literature shows that cells are homogenously distributed throughout the matrix (e.g. fibrin) [Galla et al., 2004; Kalbermatten et al., 2008] .
It might be of interest to evaluate the regeneration capability of BC with the intraluminal application of stem cells in a future study design.
In conclusion, intraluminal SC application led to significantly better regeneration compared to the use of bulbar OEC in the presented model. The direct comparison of both cell types in a non-vascularized conduit and with the use of bulbar and mucosal OEC is warranted in further studies.
